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Abstract 
 
Introduction: Sport-related concussion research has gained traction, as college and university 
athletes make up 1/3 of reported concussions. Nearly 50% of reported concussions are 
diagnosed in American football players. Current diagnostic and monitoring tools in place 
include undergoing expensive brain scans, or completing the Sport Concussion Assessment 
Tool-5 (SCAT5). The SCAT5 tool is universally utilised for recognizing and monitoring the 
symptomatology of concussions, but currently lacks a sensitive, objective measure of balance 
disturbances.  
Purpose: The aim of this study was to investigate in-shoe plantar pressure systems as a 
reliable, feasible, and objective measure of balance disturbance. Additionally the study 
sought to determine relationships between in-shoe plantar pressure systems measurements 
and SCAT5 symptom evaluations. 
Methods: Healthy, non-concussed participants (N = 17) from the University of Stirling 
American football team (23 ± 6 years old) were recruited to the lab for two visits, 1 week 
apart. To test inter-day reliability and repeatability of in-shoe plantar pressure systems’ 
measurements, each participant completed SCAT5 and a balance test on both visits, using the 
Pedar-X® system. The balance test consisted of 4 stances: stances 1 and 3 were bilateral, and 
stances 2 and 4 were unilateral. In addition, stances 1 and 2 were completed with eyes open, 
whereas stances 3 and 4 were completed with eyes closed. 
Results: Symptom count (visit 1: 3±4; visit 2: 4±5) and severity (visit 1: 5±7; visit 2: 6±7) 
reported from SCAT5. Balance measurements, in millimeters, from visit 1 (stance 1: 3.6±4.0; 
stance 2: 7.1±5.0; stance 3: 4.0±4.9; stance 4: 16.1±10.8) and visit 2 (stance 1: 4.7±6.1; stance 
2: 7.6±7.6; stance 3: 5.7±7.7; stance 4: 14.8±10.0) recorded by Pedar-X®. Pedar-X® had 
moderately acceptable CVs (18-24%) for stances 1, 2 and 4, and had excellent inter-day 
repeatability for stances 2 and 4 (ICC: 0.854, 0.857; p<0.05). There was no significant 
difference between visit 1 and visit 2 Pedar-X® balance measurements (t-test: p>0.05). Pedar-
X® had a strong correlation (PCC - r-value: 0.605-0.787, p<0.05 and Linear Regression - r-value: 
0.27-0.40, p<0.05) with SCAT5 evaluated symptomatology.  
Conclusion: This study has shown that Pedar-X® has moderate inter-day, intra-participant 
reliability, and excellent inter-day repeatability. Specifically stance 4 measurements have a 
strong correlation with SCAT5 symptom evaluations and have a positive linear correlation, 
indicating the ability to detect naturally occurring balance variance among participants.   
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1. Introduction 
 
1.1 Concussions, American Football & Symptoms 
Interest in concussions has consistently gained traction through recent years due to their 
direct relation to chronic traumatic encephalopathy (CTE), a disease that can cause mental 
illness and early onset dementia, often resulting in premature deaths in many athletes 
(Mannix et al., 2016; Stein et al., 2015). Annually in the United States, sport-related traumatic 
brain injuries occur an estimated 300 000 times, a majority of which are concussions (Gessel 
et al., 2017). The majority of sport-related concussions come from contact sport athletes, and 
1/3 of all reported concussions arise from injury sustained during college and university 
athletics (Marar et al.,2012; Slobounov et al., 2007; Ryan et al., 2003). Sport-related 
concussion is becoming a major health concern for student athletes, especially those playing 
rugby or American football (Johnston, 2017). In the National Football League (NFL) in America, 
concussions are rated as the 5th most common sport-related injury (Lawrence et al. 2015). 
According to Meehan et al., (2011) 47.2% of reported concussions are received by American 
football players. These, perhaps shocking, figures indicate that innovative research into 
methods to prevent, diagnose, and ultimately treat concussions is necessary.  
Concussions, also known as mild traumatic brain injuries (mTBI), are the outcome of the brain 
undergoing a large and sudden change in acceleration, usually caused by a trauma. This 
change in acceleration leads to the brain rotating, causing subsequent shear strain (Stillman 
et al., 2017). This can be a result of external forces acting directly on the head or the entire 
body (McKee 2009), such as a tackle during American football.   
Common symptoms of concussion include headaches, difficulty concentrating, sensitivity to 
light, dizziness, disorientation, and balance disturbances. Due to the large array of possible 
symptoms, no two concussions are necessarily alike, making it hard to assess and manage 
them (McCrory et al., 2013).  In 75.6% of concussions, dizziness is reported as a symptom, and 
in 30% balance disturbances are reported. Balance disturbance is diagnosed when a patient 
is unable to stand upright without deviating from, or swaying outside of, their base of support 
(Marar et al,. 2012). 
When an athlete suffers a concussion, the resulting injury can affect the central nervous 
system (CNS) and its ability to integrate sensory information. The CNS encompasses the brain 
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and spinal cord, which regularly receive vestibular, visual, and proprioceptive information and 
is routed through the cerebellum, cerebral cortex and brain stem. The outcomes of this input 
include motor impulses and the vestibule-ocular reflex which result in balance (Figure 1). 
When the brain undergoes an mTBI, it results in an impairment of integration of sensory 
input, causing a cascading effect on the body’s ability to balance (Hanes and McCollum, 2009; 
Shumway-Cook et al., 2001; Broglio et al., 2016). 
 
  
Figure 1. Flow of sensory information to the brain, its integration and output that result in 
balance (Watson et al., 2016). 
 
Concussions are commonly received by athletes in contact sports, and the way in which 
athletes are trained to both give and take a hard hit has affected the way that these 
concussions are received (Tokish et al., 2017; Schussler et al., 2018). It is 6.5 times more likely 
for an American football player to receive an impact to the top of the head than to the sides 
(Guskiewicz et al., 2007). Crisco et al., (2010) found that American football players received 
around 40% of impacts to the head from the front of the helmet, and another 25% to the back 
of the helmet, whereas the quarterback is the only player to receive more impacts to the back 
of the helmet than the front. The common front and top impact on the brain could lead to a 
lowered ability to process vestibular, visual, somatosensory, and proprioceptive information 
in the cerebellum and cerebral cortex (Peterson et al., 2003).  If sensory input is not able to 
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be properly processed, balance disturbances can occur. This disturbance can stem from a 
concussion of any kind leading to a metabolic cascade, which has the potential to impact the 
entire brain (McCrea 2008). Concussion can lead to ionic changes, unusual energy demands, 
decreased cerebral blood flow and impaired neurotransmission (Blennow and Hardy, 2012). 
A common outcome of front of helmet impacts, affecting the anterior and posterior of the 
head, is an impairment of the cerebellum and cerebral cortex, affecting the processing of 
visual, somatosensory, vestibular and postural information (Giza and Hovda, 2014). These 
impairments negatively affect the integration of sensory input, causing a cascading effect on 
the body’s ability to balance (Hanes and McCollum, 2009; Shumway-Cook et al., 2001; Broglio 
et al., 2016) 
 
1.2 Current Concussion Diagnoses & Monitoring: SCAT5 
Currently, concussion is diagnosed and monitored in hospital via magnetic resonance imaging 
(MRI) or a computerised tomography (CT) scan, along with a symptom evaluation (Stillman et 
al., 2017). Recently, the Food and Drug Administration, FDA, approved a blood serum 
biomarker test to evaluate mTBI by measuring the levels of proteins released by the brain 
within 12 hours of injury (FDA, 2018; Asken et al., 2018). Presently, on the sideline of a 
sporting event, a concussion is diagnosed and monitored using SCAT. Created by Echemendia 
et al., (2017), the most current edition, SCAT5, is recommended for on-field assessment and 
off-field baseline collection and monitoring (McCrory et al., 2017). The SCAT5 on-field 
assessment includes red flags, observable signs, memory assessment using Maddocks’ 
questions (Maddocks et al., 1995), Glasgow Coma Scale assessment, and a cervical spine 
assessment. The off-field assessment includes athlete background information collection, 
symptom evaluation, cognitive screening using standardised assessment of concussion (SAC) 
(McCrea, 2001), concentration assessments, neurological screening including a Modified 
Balance Error Scoring System (mBESS) test (Guskiewicz, 2003), and a delayed recall 
assessment (Davis et al., 2017).  
McCrory et al., (2005) and other concussion experts came to the consensus that concussion-
related balance disturbances resolve within 72 hours of initial injury. However, when using 
objective data collection such as motion capture and force plates, rather than the more 
subjective human-rated mBESS, balance disturbances can be observed up to 30 days after the 
initial injury (Slobounov et al., 2007), suggesting that balance disturbances can surpass the 
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earlier proposed 72 hour recovery period. This inconsistency in range for the symptomatology 
indicated within these studies may imply that the current mBESS test is not sensitive enough 
for long-term monitoring of concussion. The disruption caused to athletes’ livelihoods by 
long-term balance disturbance highlights the need for an objective diagnostic test that is 
sensitive to slight changes in symptomatology over a larger timescale.  
 
1.3 Modified Balance Error Scoring System 
Both physicians and the off-field component of SCAT5 use mBESS to monitor balance 
disturbances. The mBESS has participants maintain a double leg, single leg, and tandem 
stance for 20 seconds; all stances are performed barefoot, with eyes closed, and hands on 
hips. Throughout each 20 second balance test, the SCAT5 assessor monitors the participant 
for errors, each error results in an error point to a maximum of 10 error points per stance 
(Guskiewicz, 2003).  
 
Waddington et al., (2015) recruited athletes to complete SCAT2 on two separate occasions. 
They found a strong correlation between the two SCAT2 assessments for the symptom score 
and the total number of symptoms reported, but not a significant correlation between mBESS 
scores. Downey et al., (2018) determined that SCAT3 was only useful for assessing concussion 
symptoms with or without baseline data, within 3-5 days post-injury. They also went on to 
suggest that SCAT3 and similarly SCAT5 should be implemented alongside other 
comprehensive evaluations. Chin et al. (2016) found that symptom scores had the largest 
effect size at 24 hours, decreasing at 8 days, and no longer significant at and after 15 days. 
The mBESS score effect sizes were small to moderate at 24 hours, and become non-significant 
at and after day 8. This shows a limitation of SCAT and mBESS scoring as indices for concussion 
recovery and monitoring (Chin et al., 2016).  Additionally, Houston et al., (2018) noted that 
MobileMatTM mBESS scores correlated with linear measures of balance, such as area and 
sway. They collected mBESS data objectively using the MobileMatTM and compared it to the 
subjective human-rated scores. This resulted in fewer mBESS error points being reported by 
the objectively quantified MobileMatTM measurements versus the subjective human-rated 
measurements.  This further supports the need for objective measurements when monitoring 
concussion-related balance disturbances (Houston et al., 2018). Bell et al., (2011) completed 
a systematic review of 29 relevant studies and found that although mBESS is largely accepted 
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as the gold standard for non-laboratory evaluation of balance disturbances, limitations 
remain. They found that overall the mBESS has a low sensitivity statistic (0.34); the inability 
to detect balance disturbances 1 week post-injury; and, due to the fact that mBESS greatly 
relies on the assessor’s subjective interpretation, low inter-rater reliability. 
 
1.4 Single Leg Balance Testing, Compensatory Affects & Trial Duration  
The heightened challenge of performing a single leg test, rather than a bilateral stance, can 
better reveal balance disturbances, especially for well-trained athletes (Riemann et al., 2017). 
The challenge for subjects is that a single leg acting as a base of support requires a 
reorganization of postural control over a far smaller base. In addition, single leg stances 
decrease the amount of sensory input that may serve to compensate for balance deficiencies 
(Ageberg et al., 2003; Riemann and Schmitz, 2012; Kouvelioti et al., 2015; Muehlbauer et al., 
2014).  A major drawback of single leg testing is the occurrence of compensatory events, also 
known within mBESS as errors. Naturally, participants use their upper extremities to shift 
their balance or touch down their other leg to correct it; these types of compensation are 
easily detected by surface measurements obtained by force plates and Wii® Boards. To avoid 
compensation affecting surface measurements, it is best to reduce trial length, while 
maintaining appropriate duration to allow for reliable measurements to be taken. Riemann 
et al., (2017) determined the best trial length during single leg stance by measuring 5 second 
incremented trial durations and maximum trial durations without compensatory affects. 
When the best trial lengths were repeated, they found that the intraclass correlation 
coefficient (ICC) values were good and excellent, suggesting an optimal trial duration of 
between 15 and 20 seconds for sufficient measures and minimal compensatory effect 
(Riemann et al., 2017).  
 
1.5 Wii® Boards & Wii® Fit Balance Tests 
Use of Wii® Boards (Nintendo®, Kyoto, Japan) to assess balance is becoming more popular, 
whereas using Wii® Fit software metrics to asses balance ability has become less popular due 
to its lack of reliability. While in recent years more researchers are opting to use Wii® Boards 
to collect surface measurement data, they are doing so using customized software in place of 
the Wii® Board’s own (Goble et al., 2014). Wikstrom (2012) determined that Wii® Fit balance 
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activity scores had poor correlation to single leg stance and Star Excursion Balance Test 
scores. Additionally Wii® Fit balance activity scores had poor reliability both from the intra-
sessional and inter-sessional perspective (Wikstom, 2012). In a systematic review of 28 
relevant articles, Murray et al. (2014) found that there were no reliable or valid data to 
support the use of Wii® Fit activities for detecting concussion-related balance disturbances. 
Although Wii® Fit lacks reliability and validity for use detecting balance disturbances, the Wii® 
Board itself is still widely accepted as an inexpensive alternative to force plates due to its 
validity (Holmes et al., 2012). Clark et al., (2018) investigated the reliability and validity of Wii® 
Boards for standing balance assessments by reviewing 25 relevant studies. They found that 
reliability results were consistently stated as moderate to excellent, validity as mostly 
excellent, and both were comparable to results using force plates. The literature supports the 
continued use of Wii® Boards to assess balance disturbances, but considers them most 
appropriate when used with software other than Wii® Fit. 
 
1.6 A Novel Approach: In-shoe Plantar Pressure System 
A novel approach for a sensitive, objective measure of balance disturbance related to 
concussion could come from an in-shoe plantar pressure system. These systems are already 
commonly used for studies related to gait (Turcato et al., 2016), centre of pressure (COP) 
movement in Alpine skiing (Nakazato et al., 2013), elderly in-shoe foot comfort (Lane et al., 
2014), and even improved balance in Tai Chi (Mao et al., 2006). This pressure measuring 
system fits a wide range of shoe sizes, is less than 2mm thick, and has 85-99 pressure sensors 
that can sense 15-1200kPa. These sensors relay information to computer software via 
Bluetooth® technology, allowing for mobile and flexible movement of participants (Novel.de, 
2018). This system has the ability to measure each foot’s COP, which is a point on the bottom 
of the foot that is the average location of all the pressures simultaneously acting on that foot 
(DeLisa, 1998).  
In 2010, Ramanathan et al., (2010) published works testing the repeatability of the Pedar-X® 
insole measuring system. 160 parameters were statistically analysed for coefficient of 
variance (CV), using CV=(SEM/mean)100. Of those 93.1% had a CV of less than 25%; the 
remaining 6.9% of CVs fell largely within 25-50%, with few above 50%. When the normal 
variations in pressure from gait are taken into account, these values are considered 
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acceptably repeatable results (Ramanathan et al., 2010). However, Ramanathan et al., (2010) 
calculated CV using standard error of the mean (SEM) values rather than standard deviation 
(SD). They calculated SEM using SEM=DiffSD/√N, where DiffSD is the standard deviation of the 
differences between repeated measurement and N=2. By using SEM values and N=2 (ie. 
Visits) rather than the correct N=27 (ie. Participants), the resulting CV is approximately 70% 
what it would have been, had it been calculated using CV=(SD/mean)100. Their reported 
acceptable CV values of <25%, when recalculated correctly using SD, are more accurately 
<35%. Surprisingly, most noted studies use <10% as acceptable for CV, far lower than 
Ramanathan et al., (2010)’s reported 25% acceptability (Menz et al., 2004; Winter, 1999; Clark 
et al., 2015). Many studies have previously used, and currently use, the Pedar-X® in-shoe 
pressure measuring system to study a wide range topics (Turcato et al., 2016; Nakazato et al., 
2013; Lane et al., 2014; Mao et al., 2006). However, regardless of its popularity in research, 
normal values and its reliability in balance studies have yet to be published. 
 
1.7 Purpose & Aim of Study 
The purpose of this study is to investigate whether in-shoe plantar pressure systems are a 
feasible and reliable method for balance measurement, with the required sensitivity to detect 
normal balance variances. This is necessary to first determine, in order to possibly develop a 
tool which will permit better monitoring and management of concussion-related balance 
disturbances. This is the first study to examine the reliability of balance measurements 
collected using a pressure-sensing insole and relate it to each healthy, non-concussed 
participant’s associated symptomatology data collected from SCAT5. 
The main aim of this study is to investigate the intra-day and inter-subject reliability and intra-
day repeatability of in-shoe plantar pressure systems by using the Pedar-X® system. An 
additional aim of the study is to investigate the correlation between the current mBESS test 
and SCAT5 symptom evaluation, and the correlation of Pedar-X® measurements with the 
SCAT5 symptom evaluation.  
 
1.8 Hypothesis 
In summary, previous studies have shown that the current balance assessment included in 
SCAT5, mBESS, is limited due to its low inter-rater reliability as a result of subjectivity and 
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human-rater error. Additionally, Wii® Boards are appropriate to use to assess balance 
disturbances, but not if used in conjunction with unreliable Wii® Fit activities, rather than 
customized software. Furthermore, Pedar-X® has the potential to be a novel approach to 
measuring balance disturbances, as it has far more numerous pressure sensors and is 
therefore more sensitive than Wii® Boards.  
The hypothesis of this study is that the in-shoe plantar pressure system will feasibly provide 
a reliable and repeatable method of balance measurement. Additionally, this objective 
measurement will be better-associated with SCAT5 symptomatology than the current 
subjectively limited mBESS, when using healthy, non-concussed participants. 
 
2. Methodology 
 
2.1 Participants 
This study recruited 18 healthy, non-concussed, male American football players from the 
University of Stirling, through communication with the coach and team. One participant was 
excluded from analysis as they were unable to undergo the second visit testing due to an 
unrelated knee injury. Therefore, the baseline cohort had 17 participants in total (mean ± SD: 
23 ± 6 years old, mass: 98 ± 21.1 kg, stature: 182.2 ± 6.41 cm, experience playing American 
football: 68.1 ± 65.6 months) (Table 4). The participants were asked to attend the lab twice, 
a week apart, to collect repeated measures. Participants maintained their normal diet and 
daily routine throughout the study.  
 
2.2 Ethical Approval 
Approval of the study was granted by the local research ethics committee. The study followed 
the set guidelines of the Helsinki Declaration (World Medical Association, 2013) and all 
participants provided informed consent prior to the start if testing.  
 
2.3 Process of Study 
The participants were first introduced to the study through a presentation (Appendix A). The 
presentation explained the potential benefits of the study, how the study would be 
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conducted, and that their participation may enhance our understanding of sport-related head 
injuries. After the presentation, the athletes were given an information sheet reiterating what 
was stated in the presentation, and an informed consent form (Appendix B). Participants were 
then asked to read the information sheet and, if they chose to participate, sign the consent 
form. The consent form would not be accepted prior to 48 hours after the presentation, to 
allow the potential participant time to process the information and make an informed 
decision. After the 48 hour period, the signed consent forms were collected and participants 
were contacted via email and asked to sign up online for a trial time slot that would fit in their 
schedule for two consecutive weeks, allowing for reliability testing. The athletes attended 2 
lab sessions, each scheduled 7 days apart at the same time of day (Figure 2).  
 
Figure 2. Timeline of study process from initial contact with American football team to the 
final laboratory visit of the participating athletes. 
 
2.4 Study Design 
2.4.1 Initial Participant Data Collection  
Participants’ stature (cm), mass (kg), age (years), and American football experience (months) 
were recorded in an Excel workbook, and on the Pedar-X® program when creating each 
participant’s profile. Their weight was collected from a scale and their height from a 
stadiometer. 
 
2.4.2 Sport Concussion Assessment Tool-5 (SCAT5) 
SCAT5 is the most current version of the SCAT, and is recommended for assessing sport-
related concussion both on and off of the field (McCrory et al., 2017). The SCAT5 off-field 
section contains the following assessments: symptom evaluation using the post-concussion 
Study Introduction
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•Participant 
information 
sheet given
•Informed 
consent waiver 
given
≥ 48 H Study Recruitment
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consent waiver 
signed and 
collected
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•SCAT 5
•Balance Board 
and PedarX data 
collected:             
- 3x Stance 1                     
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7 days Visit 2
•SCAT 5
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symptom scale, cognitive screening using the SAC, concentration tests, neurological screening 
and balance examination using the mBESS, and a delayed recall test. Throughout the study, 
the assessment tool was completed following the instructions outlined on page 7 of the SCAT5 
document (Appendix B). 
 
2.4.2.1 Symptom Evaluation using Post-Concussion Symptom Scale 
A list of 22 symptoms related to concussion were to be rated on severity on a 0-6 Likert scale. 
The total number of symptoms was restricted at 22, and the severity of those symptoms was 
restricted at 132 (Appendix B). 
 
2.4.2.2 Cognitive Screening & Concentration 
Using the SAC, cognitive screening was completed through assessing orientation and 
immediate memory (McCrea, 2001). To assess orientation, 5 basic questions are asked; each 
correct answer received 1 point, up to a total of 5 points. To assess immediate memory, a list 
of 5 words was read at the rate of one word per seconds. The participant was asked to repeat 
the list of words back in any order, with the goal of remembering all 5 words. This was 
repeated 3 times, with each correct word recalled receiving 1 point, for a possible total of 15 
points. Secondly, the same test was given but with an additional 5 words appended. This list 
of 10 words was given at a rate of one word per second. Each correct word recalled earned 
the participant 1 point. This was repeated 3 times, for a total possible score of 30. 
Concentration was initially evaluated using two tests: digits backwards and months in reverse. 
The digits backwards test was assessed using a string of numbers: the first string contained 3 
numbers, the second contained 4, the third 5, and the final string 6. The list was read at the 
rate of one digit per second, after which the participant had to repeat the string of numbers 
in reverse order. If the participant was correct they would move onto the next, longer, string 
of numbers. If the participant was incorrect they were given a second chance with a new 
string of numbers of the same length. This was continued until the participant correctly 
repeated the final string of numbers, or the participant could not correctly repeat the initial 
trial or the second attempt trial. If unable to repeat a string for either trial, the assessment 
was concluded. For each correct attempt 1 point was awarded, up to a total of 4. The months 
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in reverse test was assessed by listing the months of the year in reverse, starting from 
December. If done correctly, 1 point was awarded. The maximum possible score for 
concentration was 5 points. 
Concentration was evaluated again at the end of SCAT5 using a delayed recall test. This test 
is recommended to be conducted after 5 minutes following the conclusion of the immediate 
recall test. The participant was asked to recall as many words as possible from the list of 10 
words given earlier. Each correct word recalled received 1 point, for a possible total of 10 
points (Davis et al., 2017). 
 
2.4.2.3 Neurological Screen & Balance Examination 
The neurological screen included the participant’s ability to read aloud, movement of the eyes 
side-to-side and up-and-down, a finger-to-nose coordination test, a heel-to-toe gait test along 
a 3 metre line, and passive cervical spine movements (Figure 3). 
 
 
Figure 3. Neurological screening test from SCAT5: A) eyes movements: side-to-side and up-
and-down; B) finger-to-nose coordination test; C) heel-to-toe gait test; D) passive cervical 
spine movements. 
 
The mBESS test had participants maintain balance for 3 trials (Guskiewicz, 2003). All trials 
were completed barefoot, on hard floor, and lasted 20 seconds. The first trial was a double 
leg stance, which required the participant to stand with their feet together, hands on their 
hips, and eyes closed (Figure 4.A). The second trial was a single leg stance, which required the 
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participant to stand on their non-dominant foot, with their dominant leg undergoing a 30° 
hip flexion and a 45° knee flexion, their hands on their hips, and eyes closed (Figure 4.B). The 
final trial was a tandem stance, which required the participant to stand heel-to-toe with the 
non-dominant foot posterior, their hands on their hips, and eyes closed (Figure 4.C). 
 
 
Figure 4. Illustration of mBESS stances taken for SCAT5. A) Double leg stance; B) single leg 
stance on non-dominant foot; C) tandem heel-to-toe stance with non-dominant foot at the 
back (Sulapas, 2018). 
 
The 20 second timer was started when the participant was in the proper stance, with hands 
on hips and eyes closed. During the 20 seconds trials it was noted how many times the 
participant made an error. Possible errors include: hands lifted off of hips, a step, a stumble, 
a fall, lifting the forefoot or heel, opening eyes, move hip into >30° abduction, or remaining 
out of the proper test position for more than 5 seconds. Each of these errors received 1 point, 
towards a maximum of 10 points per stance. Multiple errors committed simultaneously only 
earned 1 point, contributing to the possible maximum score of the mBESS test of 30 points. 
 
2.4.3 Balance Trials  
Each participant completed 4 different stances. The first stance involved placing both feet 
shoulder width apart, hands on hips and eyes open. The second stance involved  standing on 
the non-dominant foot, dominant leg undergoing a 30° hip flexion and a 45° knee flexion 
(Guskiewicz et al., 2003), hands on hips, and eyes open. The third stance involved feet 
shoulder width apart, hands on hips and eyes closed. The final stance involved standing on 
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the non-dominant foot, dominant leg undergoing a 30° hip flexion and a 45° knee flexion 
(Guskiewicz et al., 2003), hands on hips and eyes closed. Each stance was maintained for 20 
seconds, and each stance was attempted 3 times. Between each attempt and stance the 
participant was given a 20 second break (Table 1). The participant wore Pedar-X® (Novel 
GmbH, Munich, Germany) insoles in their shoes, and stood on a Wii® Board (Nintendo®, 
Kyoto, Japan) for all 4 stances (Figure 5 and Figure 6).  
 
Table 1. Description of the 4 balance trial stances, how long they should be held for, length of 
breaks taken, how many times each stance should be repeated, and the proper file name to 
save it under on Pedar-X®. 
Stance Hands Eyes Footing 
Hold 
(sec) 
Break (sec) Attempts 
1 
On 
hips 
Open 
Both feet, shoulder 
width apart 
20 20 3 
2 
On 
hips 
Open 
One foot, non-
dominant 
20 20 3 
3 
On 
hips 
Closed 
Both feet, shoulder 
width apart 
20 20 3 
4 
On 
hips 
Closed 
One foot, non-
dominant 
20 20 3 
 
During stances 1 and 3, the participant had one foot on each panel of the Wii® board (Figure 
5.C), whereas during stance 2 and 4, they stood on the non-dominant foot panel only (Figure 
5.B).  
 
Figure 5. A) Participant doing stance 2 on Wii® board, wearing Pedar-X®; B) footing on Wii® 
board for stance 2 and 4; C) footing on Wii® board for stance 1 and 3. 
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2.4.3.1 Wii® Balance Board and Raspberry Pi 
A Wii® Board (Figure 6) was used to measure the participant’s overall COP, for all 4 balance 
trials. The Wii® Board has 4 pressure sensors, and it transmits pressure data via Bluetooth® 
to Raspberry Pi (Figure 6). Raspberry Pi plotted the X and Y coordinates of the COP throughout 
the trials at a sampling rate of 10Hz. 
 
   
Figure 6. Left) Wii® board; Right) screen of Raspberry Pi. 
 
2.4.3.2 Pedar-X® 
Pedar-X® was Bluetooth® connected to a laptop, and data were collected using the Pedar-X® 
program. Pedar-X® insoles were placed into the participant’s shoes, and the participant wore 
a waist belt containing the Pedar-X® Bluetooth® connected pack which sent COP information 
to the laptop. Prior to balance trials starting, each insole was calibrated according to the 
manufacturer’s instructions.  
 
 
Figure 7. Left) Pedar-X® equipment used for balance trials; Right) screenshot of Pedar-X® on 
laptop. 
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Each Pedar-X® insole had 99 pressure sensors measuring up to 1200kPa of pressure. Using 
the change in pressure across the sensors, Pedar-X® computed two separate COPs, specific 
for each foot and insole. Pedar-X® sampled at a rate of 50Hz; incoming measurements were 
recorded and appeared live on the laptop (Figure 7). 
 
2.5 Data and Statistical Analysis  
Raw data were first run through Excel 2013 to create organized data sets. IBM SPSS Statistics 
23 was used to calculate statistical data, whereas Graph Pad Prism 18 was used for statistical 
analysis and the production of figures. Using Excel, raw data points from Pedar-X® and the 
Wii® Board were organized and calculated into sets of SD. Each SD was used as an index of 
participants’ balance, as SD is an indication of the deviation from the mean, indicating sway. 
These SD data sets were used for further statistical analysis of each participant. 
Intra-day, intra-participant (Appendix C.1) reliability was analysed using CV for both visits 1 
and 2, and calculated from the overall average SD of each stance’s 3 trials. Additionally inter-
day, intra-participant CV was analysed comparing the average SD of all 3 trials (mean), and 
the trial with the lowest SD (best). CV was calculated using (σ/μ)*100, where σ is the SD and 
μ is the mean of a sample. CV was calculated for Wii® Board-collected data and Pedar-X®-
collected data for both visits 1 and 2. If CVs indicated a learning effect, mean trial SD was used 
for further analyses, whereas if learning effect is not indicated, best trial SD was used for 
further analyses. Acceptable variability of a CV is defined as <10% (Menz et al., 2004; Winter, 
1999; Clark et al., 2015), but other studies described CV values as acceptable up to 12%, and 
moderately acceptable up to 20% (Clark et al,. 2015). However, Ramanathan et al., (2010) 
allows moderate acceptability up to 25% using CV calculated from SEM (N=2), or 35% using a 
CV calculated from SD. Clark et al., (2015)’s acceptable CV values were calculated correctly 
using SD and advise this study to enforce a lower CV range for moderate acceptability, 
however those CV values are related to electromyography (EMG), rather than the more 
variable measurement of balance or Pedar-X®. As a result of past studies, this study will use 
a combination of reported acceptable CV ranges. For this study a CV of <10% will be 
considered acceptable (Menz et al., 2004; Winter, 1999; Clark et al., 2015), between 10-25% 
as moderately acceptable (Ramanathan et al., 2010), and >25% as unacceptable. 
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Participants’ best trials were identified through the index of balance: SD. The average overall 
SD was calculated for all attempts at each stance. The lowest average SD indicated the least 
sway or balance disturbance throughout an attempt, therefore the lowest SD indicated which 
attempt was the best. 
Inter-day reliability analysis of the Wii® Board and Pedar-X® balance tests were conducted 
using two-way mixed intraclass correlation coefficient (ICC) to compare the rank of visit 1 SDs 
to visit 2 SDs. ICC is (V-v)/V, where V is the averaged between-subject variances over the two 
visits, and v is the square of the SEM within a subject (Ditroilo et al., 2013). All ICC values had 
an associated 95% lower and upper bound confidence interval (CI) and p-value; p was 
significant if p<0.05. The reproducibility of an ICC value has been previously outlined by 
Cicchetti (1994) and more recently by Koo and Li (2016) as (Table 2): 
Table 2. Grading scale of ICC values from poor to excellent. 
ICC Value ICC Rating 
≤ 0.39 Poor 
≥ 0.40 and ≤ 0.59 Fair 
≥ 0.60 and ≤ 0.74 Good 
≤ 0.75 and ≥ 1.00 Excellent 
 
Paired-sample t-tests were used to analyse the intra-day repeatability of Pedar-X®. P-values 
were determined for all 4 stances of visit 1 and visit 2’s balance indices, and a p-value was 
considered not significantly different if p>0.05.  
Using Shapiro-Wilks was used to establish the normality of symptom count, symptom severity 
score, mBESS score, and balance index distribution for stance 2 and 4 measurements from 
visit 1 and visit 2. The data was considered not normally distributed, if it was found that 
p<0.05. Data were then log-transformed before completing Pearson correlations, and values 
of 0 were given a value of 0.1 as to not lose them in the logarithmic function (Feng et al., 
2014; O’Hara and Kotze, 2010; Ekwaru and Veugelers, 2016). Stances with the highest 
associated ICC and lowest t-value were further analysed using Pearson correlation 
coefficients. Pearson correlation was completed for symptom count, symptom severity score 
and mBESS score in comparison to stance 2 and stance 4 on visit 1 and visit 2. Pearson 
correlation was also completed for symptom count and symptom severity score in 
comparison to mBESS score from stance 3 and stance 4 on visit 1 and visit 2. Associated p-
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values were recorded, and p>0.05 was considered not significant. Outlined by Cohen (1988), 
the grading scale for r-values is (Table 3): 
Table 3. Grading scale of r-values values from zero to strong correlation. 
R - Value  R - Value Rating 
| r | ≥ 0.09 Zero/no correlation 
0.10 ≤ | r | ≥ 0.29 Small/weak correlation 
0.30 ≤ | r | ≥ 0.49 Medium/moderate correlation 
0.50 ≤ | r | Large/strong correlation 
 
Finally, after determining the stance with the best PCCs (stance 4) linear regression was used 
to find any linear correlation between balance indices and symptom severity, and balance 
indices and symptom count for both visit 1 and visit 2. Associated R2 values, and 95% upper, 
lower CI of the slope were recorded, along with p-values. A p-value was considered significant 
if p<0.05. 
 
3. Results 
 
3.1 Participant Data and SCAT5 Scores 
Table 4. Mean ± SD of the age, mass, stature, and experience playing American football of all 
17 participants. SD = standard deviation 
Age (years) 23 ± 6 
Mass (kg) 98.0 ± 21.1 
Stature (cm) 182.2 ± 6.4 
Experience Playing American Football (months) 68.1 ± 65.6 
 
 
Mean ± SD for symptom count and severity score were lower during visit 1 than visit 2, 
whereas mBESS scores were high on visit 1 than visit 2 (Table 5). 
Table 5. Mean ± SD of participants’ symptom count, severity score, and mBESS score for visit 
1 and 2. SD = standard deviation 
 Visit 1 Visit 2 
Symptom Count 3 ± 4 4 ± 5 
Severity Score 5 ± 6 6 ± 7 
mBESS Score 4 ± 4 3 ± 5 
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3.2 Inter-day, Intra-Participant Reliability 
Mean ± SD was lower in bilateral stances 1 and 3 for Pedar-X®, whereas it was lower in eyes 
open stances 1 and 2 for Wii® Board. CVs were high for all measurements, indicating 
moderately-acceptable or not acceptable reliability between the 3 attempts of each stance. 
CVs were lower in unilateral stances 2 and 4 during visit 1 and 2 for both Pedar-X® and Wii® 
Board (Table 6).  
Table 6. Mean ± SD of balance indices of visit 1 and visit 2 for all 3 stance attempts during the 
4 stances. 95% CI with UL and LL, and inter-subject CV reported. SD = standard deviation, CV 
= coefficient of variance, CI = confidence interval, UL = upper limit, LL = lower limit. 
Pedar-X® Wii® Board 
 Visit 1 Visit 2  Visit 1 Visit 2  
Stance 
Mean ± 
SD 
CV 
(%) 
Mean ± 
SD 
CV 
(%) 
CI for 
Mean 
(95%) 
 LL, UL 
Mean 
± SD 
CV 
(%) 
Mean 
± SD 
CV 
(%) 
CI for 
Mean 
(95%) 
LL, UL 
1 
3.60 ± 
4.02 
35 ± 
20 
4.73 ± 
6.09 
36 ± 
17 
0.968, 
1.188 
6.94 ± 
4.37 
27 ± 
18 
5.36 ± 
2.94 
28 ± 
15 
1.275, 
1.645 
2 
7.08 ± 
4.96 
21 ± 
13 
7.64 ± 
7.57 
27 ± 
22 
1.013, 
1.255 
8.18 ± 
3.86 
22 ± 
17 
8.01 ± 
4.66 
21 ± 
13 
1.021, 
1.522 
3 
3.98 ± 
4.85 
35 ± 
23 
5.72 ± 
7.74 
33 ± 
21 
0.904, 
1.116 
8.47 ± 
6.54 
24 ± 
13 
8.51 ± 
7.33 
31 ± 
18 
1.146, 
1.936 
4 
16.05 ± 
10.78 
21 ± 
19 
14.75 ± 
9.99 
24 ± 
33 
1.034, 
2.611 
16.21 ± 
6.75 
17 ± 
11 
16.70 ± 
5.88 
19 ± 
10 
0.916, 
1.340 
 
 
CVs were high for all measurements, indicating moderately-acceptable or not acceptable 
reliability for all 4 stances. CVs were lower for all stances using the mean SD for Wii® Board, 
but were variable for Pedar-X®. A learning effect was not indicated as CVs were not 
consistently lower during mean versus best trials. Both Pedar-X® and Wii® Board show the 
lowest level of CV during stances 2 and 4, which are single leg stances (Table 7). 
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Table 7. CVs comparing visit 1 and 2 for best trial, and average of all 3 trials. CV = coefficient 
of variance 
Pedar-X® Wii® Board 
Best Mean Best Mean 
Stance CV (%) CV (%) CV (%) CV (%) 
1 24 ± 23 22 ± 26 30 ± 22 22 ± 19 
2 20 ± 17 28 ± 23 20 ± 12 15 ± 14 
3 32 ± 25 34 ± 24 20 ± 17 16 ± 17 
4 18 ± 30 15 ± 10 15 ± 13 14 ± 14 
 
 
3.3 Inter-day Repeatability 
The ICC analysis showed Pedar-X® data for stance 1 (ICC = 0.209) to be unreliable, whereas 
stances 2 (ICC = 0.854), 3 (ICC = 0.688), and 4 (ICC = 0.857) were shown to be reliable and 
repeatable (Table 8).   
Table 8. Single measure ICC, p-values, and 95% CIs with UL and LL reported between visit 1 
and visit 2. ICC = intraclass correlation coefficient, CI =confidence interval, UL = upper limit, 
LL = lower limit. 
 Pedar-X® 
Stance ICC CI (95%) LL, UL p-value 
1 0.209 -0.287, 0.617 0.202 
2 0.854 0.643, 0.945 0.000003 
3 0.688 0.325, 0.875 0.000791 
4 0.857 0.649, 0.946 0.000003 
 
 
The t-test showed stances 1 (p = 0.44), 2 (p = 0.64), 3 (p= 0.0502), and 4 (p = 0.29) had no 
significant difference of balance indices between visit 1 and 2 (p>0.05)(Table 9). 
Table 9. T-values and p-values between visit 1 and visit 2 for all 4 stances from Pedar-X®.  
Pedar-X® 
Stance t-value p-value 
1 0.80 0.44 
2 0.47 0.64 
3 2.12 0.0502 
4 1.10 0.29 
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3.4 SCAT5 Correlation 
Although stances 2 and 4 had similar ICC values (stance 2: ICC = 0.854; stance 4: ICC = 0.857) 
(Table 9), stance 4 had a closer correlation between symptom count (Visit 1: r-value = 0.632, 
p = 0.007; Visit 2: r-value = 0.520, p = 0.032) and symptom severity score (Visit 1: r-value = 
0.605, p = 0.010; Visit 2: r-value = 0.532, p = 0.028) (Table 10). 
Table 10. R- and p-values for stance 2 and 4. Data from individual participant SD from visit 1 
and visit 2 correlated to symptom count, symptom severity score and mBESS score. SD = 
standard deviation, mBESS = modified balance error scoring system. 
 
Visit 1 Visit 2 
Stance 2 Stance 4 Stance 2 Stance 4 
Variables Compared r-value p-value r-value p-value r-value p-value r-value p-value 
Symptom Count 0.355 0.213 0.632 0.007 0.071 0.787 0.520 0.032 
Symptom Severity Score 0.381 0.179 0.605 0.010 0.111 0.671 0.532 0.028 
mBESS score 0.121 0.643 0.180 0.491 0.393 0.119 -0.057 0.828 
 
 
The mBESS r-values were not significant (p>0.05) (Table 11), whereas Pedar-X® stance 4 r-
values were significant (p<0.05) (Table 10). There was less of a correlation between symptom 
count and severity when correlated with mBESS (Visit 1: r-value = 0.158, 0.132; Visit 2: r-value 
= 0.263, 0.254) scores (Table 11), than when correlated with Pedar-X® balance indices (Visit 
1: r-value = 0.632, 0.605; Visit 2: r-value = 0.520, 0.532) (Table 10). 
Table 11. R- and p-values from visit 1 and visit 2. Symptom count and symptom severity score 
correlated to mBESS test score. mBESS = modified balance error scoring system. 
 
Visit 1 Visit 2 
r-value p-value r-value p-value 
Symptom Count 0.158 0.546 0.263 0.308 
Symptom Severity Score 0.132 0.613 0.254 0.324 
 
 
A positive linear correlation was determined between symptom severity score and stance 4 
balance indices from visit 1 (r = 0.40, p = 0.007, CI of slope = 0.933, 4.904) and 2 (r = 0.29, p = 
0.028, CI of slope = 0.175, 2.576) (Figure 8A.1 and 8A.2). Also, a positive linear correlation was 
determined between symptom score and stance 4 balance indices from visit 1 (r = 0.36, p = 
0.011, CI of slope = 0.676, 4.355) and visit 2 (r = 0.27, p= 0.032, CI of slope = 0.123, 2.393) 
(Figure 8B.1 and 8B.2). 
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Figure 8. Linear regression of individual participant’s log-transformed values of the 
correlation between A.1) visit 1 balance indices (SD) and symptom severity score, A.2) visit 2 
balance indices (SD) and symptom severity score, B.1) visit 1 balance indices (SD) and 
symptom count, and B.2) visit 2 balance indices (SD) and symptom count of stance 4. Black 
dotted lines represent the 95% confidence intervals of the associated slope (line of best fit), 
blue and red solid line represent the line of best fit.  
 
4. Discussion 
This study found that inter-day repeatability was good and excellent for stances 2 through 4 
(Table 8). Additionally, although there was the possibility of a learning effect the inter-day 
mean CV values were consistently less than the best CV counterpart, indicating no learning 
effect to be present (Table 7). The Between visit intra-participant reliability of Pedar-X® and 
Wii® Board measurements showed mostly that the Wii® Board had a lower dispersion around 
the mean, this was likely due the fact that Pedar-X® collects two separate COPs from each 
foot, whereas the Wii® Board collects one COP for both feet (Table 7). Furthermore, intra-day 
repeatability of Pedar-X® showed no significant differences between visits 1 and 2, 
emphasising the repeatability of the testing methodology (Table 9). Finally, stance 4 had the 
best correlation with both symptom count and symptom severity scores of SCAT5 (Table 10), 
and also had a positive linear regression with the SCAT5 symptom evaluation (Figure 8).  
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The Pedar-X® system demonstrates its inter-day repeatability (ICC), showing good and 
excellent values for all stances except for the first (Table 8). The Pedar-X® ICC values (Table 8) 
for stances 2 and 4 were better or similar to that of other balance and postural stability studies 
using force plates and Wii Board® measurements (Holmes et al., 2012; Muehlbauer et al., 
2011), whereas stances 1 and 3 had lower ICCs. This may be due to the ease of the stance, as 
it is well-supported that the challenge of a single leg test results in a more true balance 
assessment (Ageberg et al., 2003; Riemann and Schmitz, 2012; Kouvelioti et al., 2015; 
Muehlbauer et al., 2014). Inter-day repeatability of Pedar-X® improves as the available 
sensory input decreases, regardless of the stance being harder to maintain according to 
Muehlbauer et al., (2014). By removing visual input but maintaining the somatosensory input 
and bilateral base, there is a noticeable increase in the reliability of the measure; this can be 
seen in the improvement of ICC values between stance 1 and 3 (Table 8) . The repeatability 
further increases when we maintain visual input, but decrease somatosensory input and the 
bilateral base to unilateral; this is observed as a greater improvement from stance 1 to 2 
(Table 8). The most reliable stance, stance 4, removes visual input and decreases 
somatosensory input and changes the bilateral base to unilateral. By decreasing sensory 
inputs, which could compensate for deficiencies, we can assess the reliability of a participant’s 
inherent ability to balance rather than their ability to integrate and respond to sensory input. 
The improvement of ICC as the challenge of a stance increases supports Pedar-X®’s ability to 
measure repeated balance indices over multiple visits, and additionally provides evidence 
that not all stances are the same in regards to the quality of data that can be ascertained from 
them.  
It is vital to mention that inter-day, intra-participant CV values are moderately acceptable for 
stances 1, 2 and 4, but inter-day ICC values for stances 2 and 4 are excellent, and stance 3 is 
good (Table 7; Table 8). This disparity is due the fundamental difference between the 
dynamics of CV and ICC.  ICC describes how closely the values of visit 1 track the values of visit 
2, from participant to participant, giving the repeatability, and it represents how rank order 
is replicated between visits 1 and 2 (Albertus, 2008; Hopkins, 2000). CV, in contrast, describes 
intra-participant variability which gives the reliability of measurements and portrays the 
consistency, dependability and error free nature of them (Albertus, 2008; Hopkins, 2000). 
Additionally, ICC values describe the trend of repeatability within a group of participants, 
whereas CV describes the trend of reliability within an individual participant’s measurements. 
Metaphorically and graphically speaking, CVs would be represented as separate points on a 
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graph, one for each participant, whereas ICC would be represented as a single line of best fit. 
Although the individual points on the graph may not be positioned linearly, the line of best fit 
informs us otherwise. In this study, CV values mostly are moderately acceptable, as there is a 
moderate amount of variability (Table 7), but ICC values were good and excellent (Table 8).   
These outcomes mean that data collected from this study are not best used for a one-on-one 
study of concussion as there is too much noise relative to signal, indicated by CV, for a proper 
assessment. This is a similar outcome to studies using serum as a biomarker for concussion in 
student athletes (Asken et al., 2018). Although concussion could very well effect balance, 
using CV and this study to indicate concussion would not be advisable, as this study looks at 
balance variance of healthy athletes. 
Equally important to note, concerns can arise within reliability testing when a participant 
repeats a stance multiple times, as this can lead to the possibility of a learning effect taking 
place. As the inter-day mean CVs were not consistently lower than the best CVs, there does 
not appear to be a learning effect (Table 4). Further proof of this is seen where participant’s 
best trial is shown to vary between stances (Appendix D.1). In light of this, the importance of 
thorough baseline testing, prior to assessing injured athletes on the side-line, becomes 
apparent. The proper baseline sampling of each participant allows contemporary 
measurements to be tested against their predetermined range of balance abilities in a non-
concussed situation. This is especially crucial as athletes’ balance abilities vary greatly 
between one another. This range can be due to athleticism, family history of mental health, 
the presence of mental illness, attention deficit hyperactivity disorder (ADHD), and being 
diagnosed with a learning disability, which negatively influences the ability to balance 
(Downey et al., 2018; Chin et al., 2016). As balance baseline form a constantly-evolving metric 
for deviation from an athletes’ normal ability, it is imperative that there is a robust and 
reliable system available to quantify balance disturbances both on- and off-field.  
It is valuable to demonstrate whether measurements taken from Pedar-X® are comparably 
reliable to current devices used, such as the Wii® Board. Between visit intra-participant 
reliability (CV) of Pedar-X® and Wii® Board balance measurements found that the Wii® Board 
does have lower dispersion around the mean for all stances and visits except for stance 1 
(Table 7). Pedar-X® likely showed greater dispersion as it was collecting two separate COPs 
from each foot, whereas the Wii® Board collects one COP for both feet. This is further 
supported by the best CVs results being significantly more consistent between Pedar-X® and 
Page | 32  
 
Wii® Board measurements during single leg stances 2 and 4 (Table 7). It is important to state 
that Wii® Board and Pedar-X® CV values were higher in this study than other studies that used 
the Wii® Board, force plates, and Pedar-X® (Jorgensen et al,. 2014; Ramanathan et al., 2012). 
The disparity between Wii® Board CV values could be related to the contrast in type of 
balance test: static vs dynamic, the data collected being a score within a set range, and the 
difference in test length (Jorgensen et al., 2014). Ramanathan et al., (2012) stated CV values 
are much lower than those in Table 7 due to the nature of their calculation. Had the values 
been calculated using the standard (σ/μ)*100, where σ is the SD and μ is the mean of a 
sample, the values would be much more comparable.  The difference between the Wii® Board 
and force plate could be due to a lack of sensitivity as the Wii® Board has less sensors and a 
lower frequency than a standard force plate (Huurnink et al., 2013; Bartlett et al., 2014). 
However, as Wii® Boards are widely used as a robust methodology for recording balance 
measurements, the marginal disparity between this study’s Pedar-X® and Wii® Board 
collected CVs could indicate that Pedar-X® is similarly reliable. 
It is clear that Pedar-X® has proven its capability to measure balance indices, and that it has 
the potential to be useful for future large-scale studies. But first, it is essential to establish its 
ability as a successful balance assessor over time, as this system would ultimately be used 
throughout an entire season of athleticism – not just during one game. Likewise, it is 
important to confirm the quality of information collected from each stance, as we have 
already noted that not all stances are created equally valuable for our purpose. Looking at 
the intra-day repeatability (t-test) of Pedar-X® data showed the difference to not be 
significant (p>0.05) between visit 1 and visit 2 measurements, although values could still be 
considerably different, as variance increases it lowers the likelihood of a difference between 
trials being analysed as significant (Table 9). Although all p-values indicated no significant 
difference, the best repeatability comes from the stances with the highest ICC values (Table 
8), stances 2 and 4, the unilateral balance tests. This further supports that a single leg balance 
test results in more robust assessment of balance, and additionally that the quality of 
measurements taken from all 4 stances is not equal (Ageberg et al., 2003; Riemann and 
Schmitz, 2012; Kouvelioti et al., 2015; Muehlbauer et al., 2014). 
To provide evidence that Pedar-X® can be feasibly used for future studies relating to 
concussion management, it is imperative to demonstrate that it can be used successfully in 
conjunction with the widely-used SCAT5. Due to the outcome of inter- and intra-day 
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repeatability tests of stances 2 and 4, correlation was analysed between these stances and 
SCAT5 symptom evaluations and mBESS scores (Table 10). Stance 4, similarly to the ICC results 
(Table 8), had the best correlational outcomes, as it correlated well with both symptom count 
and symptom severity scores of SCAT5. Although stance 2 had a great ICC (Table 8), it had a 
poor correlational relationship with SCAT5 evaluations (Table 10), possibly due to the 
availability of visual sensory input compensating for balance deficiencies (Ageberg et al., 
2003; Riemann and Schmitz, 2012; Kouvelioti et al., 2015; Muehlbauer et al., 2014).  The only 
functional difference between stances 2 and 4 is the availability and loss of visual sensory 
input, respectively. The strong correlation between symptom evaluations and stance 4 
confirms that Pedar-X® can work effectively with part of the current SCAT5. However, both 
stances 2 and 4 had a generally weak correlation with SCAT5 mBESS scores. This is an 
indication that the current subjective balance test scoring system used for SCAT5 may not be 
the best, particularly when compared to data from stance 4 using Pedar-X®. For this reason, 
the current SCAT5 balance test scoring system, mBESS, was correlated with the same 
symptom evaluations as stances 2 and 4 (Table 11). When correlating SCAT5 mBESS scores to 
symptom evaluations, there was no significant correlation. This demonstrates that the 
current set-up for balance testing scoring within SCAT5 is not the best option for assessing 
concussion-related balance disturbances, and that Pedar-X® is a more accurate objective 
measurement system, notably when paired with stance 4. To further support the success of 
stance 4 Pedar-X® measurements in conjunction with SCAT5 symptom evaluations, Figure 9 
shows a positive linear correlation for both visits. This validates the feasibility of using Pedar-
X® measurements in conjunction with SCAT5 to obtain a more accurate measurement of 
balance variance.  
As noted previously, the major drawback to using mBESS is the subjectivity of the scoring 
system (Houston et al., 2018; Bell et al., 2011). Although mBESS is still considered the gold 
standard for non-laboratory evaluation of balance disturbances, it can still be improved upon 
to be less subjective. The stances used during mBESS are still consistently used in research for 
monitoring and managing concussion (Houston et al., 2018). This is due to heightened 
challenge of the stances resulting in better exposing balance disturbances, especially for well-
trained athletes (Riemann et al., 2017). In addition, the difficulty of the stances and the 
decrease of visual input and sometimes sensory input serve to reduce the compensation of 
balance deficiencies (Ageberg et al., 2003; Riemann and Schmitz, 2012; Kouvelioti et al., 2015; 
Muehlbauer et al., 2014). In this study the best stance used was unilateral with eyes closed, 
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which is an exact copy of a stance from the mBESS, further indicting that the issue is not with 
the balance test, but rather the subjective scoring system. 
Many but not all university and collegiate sport programs enforce a baseline testing protocol 
for all high risk sports teams. The enforced baseline protocols vary amongst schools, but can 
include SCAT5, balance and eye tracking tests (Parachute 2018). But as a specific baseline 
protocol is not internationally enforced, many athlete’s injuries will go unnoticed. It is 
important to create a robust testing method for both baseline, and post-injury assessment. 
The assessment used during baseline testing should be easily repeated post-injury, wherever 
that injury may occur. The repeatability of an assessment is important as it removes the delay 
of needing injured athletes to only test in a specific laboratory environment, due to the type 
of measurement devices used. This study proposes the possibility of using a portable device 
that is not constricted by the use of Wi-Fi or electrical sockets. If in future testing this device 
and stance 4 assessment prove to be capable of noting a balance disturbance difference from 
normal balance variance as a result of concussion, it could prove to be a very powerful 
monitoring and management tool. 
Wii® Boards are an affordable and effective off-field alternative to force plates, but they are 
not as feasible as Pedar-X® insoles for the future of side-line assessment of athletes. During a 
game, between plays, athletes do not have the time to leave the field to stand on a Wii® Board 
to be assessed. With Pedar-X® insoles, players can wear them constantly throughout the 
game. Due to the success of stance 4 at measuring normal balance variance in healthy, non-
concussed individuals, after further research into its ability to detect balance disturbance in 
regards to concussion, players suspected of receiving a concussion can quickly be connected 
to the Pedar-X® pack transmitter and battery, and promptly assume stance 4. This can be 
done anywhere along the side-line, and in inclement weather this can be done under an 
umbrella, whereas the Wii® Board would require a weather protected area and a socket for 
the Raspberry Pi® peripheral. Pedar-X® does not need a socket to transmit, collect, or analyse 
data, and it would be Bluetooth® transmitted to the Pedar-X® software on a laptop, where it 
can be immediately analysed for any indication of balance disturbances. Wii® Boards are mass 
produced which leads to many technical limitations, calling into questions the validity of 
measurements (Clark et al., 2018). In the future, Pedar-X® could possibly be used to detect 
concussion-related balance disturbances during games; after further research regarding its 
ability to detect balance disturbances outside the normal caused by concussion, once tablet- 
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or iPad®-compatible software is developed, and when the insoles do not need to be attached 
to the battery and Pedar-X® pack to transmit data. With the aforementioned improvements, 
Pedar-X® has the potential to become a standard protocol for responsible management of 
players’ health, able to monitor them regardless of whether a player is at the far end of the 
field. 
The positive relationship between SCAT5 symptom evaluations and Pedar-X® measurements 
is significant, because it had been noted that the mBESS is not the most accurate balance test 
scoring system (Waddington et al., 2015; Downey et al., 2018; Chin et al., 2016; Houston et 
al., 2018). The correlation between SCAT5 and Pedar-X® indicates that there is a more 
accurate, objective test than what is currently offered through SCAT5. When it comes to the 
health and wellbeing of athletes, it is important that they do not slip through the cracks, due 
to an inaccurate measurement system. This system will potentially lead to future studies that 
can better detect changes in balance ability of athletes, and therefore better detect sport-
related concussion. 
 
4.1 Future Directions 
In future, the study could be repeated with a much larger sample size, to create normative 
values for baseline and injury comparison, as this study was limited by the availability of 
appropriate athletes. Assessing over two visits limited this study’s ability to map repeatability, 
and future studies should include more iterated visits to better-discern the long-term capacity 
of Pedar-X® to monitor balance disturbances. An additional limitation was that non-
concussed athletes were studied, which questions whether these measurements would have 
been sensitive enough to detect change related to concussion. Moreover, participants’ 
measurements were taken a week apart - during which time practices and games took place. 
Although such events were not recorded or controlled for, large impacts potentially leaving 
participants sub-concussed (Pearce, 2016; Di Virgilio et al., 2016) and adding to the variability 
of measurements could have occurred. In the future potential sub-concussive events should 
be recorded, or participants should be controlled to avoid such events. It would be beneficial 
to see future studies determine the values for concussed versus non-concussed participants 
and contact sport versus non-contact sport participants, for both males and females. 
Furthermore, with the responsiveness of Pedar-X®, the patterns and direction of balance 
disturbances could be analysed in conjunction with SCAT5 symptom evaluations for 
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correlation. This novel idea has the ability to also impact the research surrounding strokes 
and the elderly, as current research localizes around a change in gait, but this study indicates 
that the repeatability of Pedar-X® may be able to one day indicate resultant changes in 
balance.  
 
4.2 Conclusion  
This study was the first of its kind to use Pedar-X® as a measurement of balance index, in 
conjunction with SCAT5 evaluations. It built on existing research to determine if there was a 
need for a more comprehensive measure of balance disturbances, to be used alongside 
SCAT5. Balance measurements taken using the Pedar-X® in-shoe plantar pressure 
measurement system were similar to Wii® Board intra-participant reliability measurements. 
When further analysed, Pedar-X® proved to be moderately-reliable for inter-day 
measurements, but only for the harder to maintain stances 2 through 4. Most stances had 
good or excellent inter-day repeatability, showing no significant differences between visits 1 
and 2. When the two stances with the best repeatability, stances 2 and 4, were evaluated for 
their correlation with SCAT5, stance 4 had the strongest and only significant correlation. 
Stance 4 correlated closely with the SCAT5 symptom evaluations, but poorly with mBESS 
scores. When mBESS scores were correlated to SCAT5 symptom evaluations, there was no 
significant correlation computed. Pedar-X® measurements from stance 4 had a positive linear 
correlation with SCAT5 symptom scores and severity for both visits. Until such a time as this 
promising technology is further developed, it is recommended that it be used for baseline 
data collection and further research into its possible ability to detect balance disturbance 
outside of the normal related to concussion. This research could serve as a basis for future 
large-scale studies as inter- and intra-repeatability values are acceptable, leading to a future 
where athletes are safer in contact sport. Overall, Pedar-X® was moderately reliable and had 
excellent repeatability measurements of balance, and this study could be feasibly used in 
conjunction with SCAT5 to aid in future research. 
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Appendix A 
Physiology, Exercise & Nutrition RG
Recovery After Sports-Related 
Concussion 
Kathryn Schulze,
Zacharias Nikolaou
  
Physiology, Exercise & Nutrition RG
Concussions and the Media
 
Physiology, Exercise & Nutrition RG
Sport Concussion by the Numbers
• In USA 152 cases of sport concussion per 100,000 A&E 
admissions (Coronado et al 2015)
• Two thirds of these cases occur <19 years old
• UK: Rugby Union report high prevalence of sport 
concussion 2.43 concussions/1000 player hours 
(Roberts et al 2017)
• Higher prevalence in youth players 3.35
concussions/1000 player hours (Kirkwood 2015)
• Prevalence likely higher due to under reporting 
(McCrory et al 2013)
• Concussion can = disability, memory impairment and 
poor life satisfaction (Whiteneck et al 2016)
Sport concussion is a public health issue  
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Physiology, Exercise & Nutrition RG
Why, Concussion Management?
January 29, 2011
• “3 blows to the 
head”
• Sent back to the field 
each time
• Inadequate recovery 
time between blows; 
aka Second Impact 
Syndrome
• Later died in Hospital
Ensure adequate recovery to prevent second impact syndrome
 
Physiology, Exercise & Nutrition RG
When, Concussion Management?
Identify and manage 
concussion safely:
• from the initial incident 
• through the mandatory 
rest periods 
• to the graduated return 
to play 
 
Physiology, Exercise & Nutrition RG
• Evidence for SCAT3
effectiveness is weak
• Likely to be improved if 
accompanied by objective
tests (Thomas et al. 2016)
• SCAT5 is being 
introduced and may 
improve effectiveness
How, Concussion Management?
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Physiology, Exercise & Nutrition RG
How, Concussion Management?
Evidence for these time periods = √0 Aka none
 
Physiology, Exercise & Nutrition RG
Protocol, and How We Fit In
Test 1
Test 2
Test 3
Test 4
Test 5
Test 6
Test 7
 
Physiology, Exercise & Nutrition RG
How, Concussion Management?
In the Lab
Transcranial Magnetic Stimulation (TMS)
• Magnetic field generator, or “coil”, is placed upon head
• Magnetic current is induced upon specific area of the brain,
causing inhibition of specific muscle group
• Tells us about your muscle’s ability to regain strength
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Physiology, Exercise & Nutrition RG
How, Concussion Management?
In the Lab
Pedar Insoles
• The insole is placed inside the patients shoe
• Using 85-99 sensors, measuring pressure and pressure 
changes on the bottom of foot
• Tells us about weight distribution, and balance
 
Physiology, Exercise & Nutrition RG
What We Want to Do
Aim: To establish objective measures of concussion by 
harnessing TMS, blood biomarkers, motor control and 
balance to current clinical practice as advocated by the 
Scottish Concussion Guidelines.
Objective: To perform these measurements alongside 
existing clinical measurements following concussions from 
amateur youth and adult contact team sport players
 
Physiology, Exercise & Nutrition RG
Why Work Together?
• Reduce amount of inactive rest before RTP
• Introduce graded return to play, based on 
Scottish Sports Concussion Guidance
• Complement graded return to play with 
objective measures
• Need your signed consent to participate
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Appendix B 
 
 
Participant Information Sheet 
 
Title of Study: RECOVERY OF NEUROPSYCHOLOGICAL, NEUROMUSCULAR AND 
MOTOR FUNCTION DEFICITS FOLLOWING SPORTS-RELATED CONCUSSION 
 
Investigators: Mr Zacharias Nicolaou, Ms Kathryn Schulze, Dr Magdalena Ietswaart, Prof 
Lindsay Wilson, Prof David Donaldson, Dr Willie Stewart (University of Glasgow) and Dr 
Angus Hunter 
 
Before signing the written informed consent form, allowing you to take part in the study, it is 
important that you fully understand the tasks you will be required to perform for this project. I 
strongly encourage you to read this document carefully and if you have any doubts and/or 
questions do not hesitate to contact me. My contact information can be found at the end of this 
participant information sheet. I also would like to inform you that participation in this project 
is completely voluntary and should you wish to withdraw from it you will be able to do so 
without having to provide any explanation. 
 
Aims of the Study:  
The current test used by teams to inform the graded return to play after an athlete is concussed 
is Sport Concussion Assessment Tool (SCAT). Concussion is a temporary injury to the brain 
caused by a bump, blow or violent shake to the head. 
In this study, we would like to see how well SCAT compares with: 1) the transcranial magnetic 
stimulation (TMS) method, 2) balance tests in athletes that are concussed. TMS method works 
by sending weak magnetic signals to specific areas of the brain (motor cortex), which control 
muscle contraction. So using the TMS method will allow us to test how well the signals travel 
from the brain to the muscles. TMS is widely used and completely safe.  
We will carry out baseline tests on non-contact sports as well, using the above tests, to see 
whether these measures are sensitive and reliable in detecting subtle differences between 
concussed and non-concussed athletes. 
 
Protocol: 
The study wants to recruit athletes from contact sports (American Football, Rugby) for baseline 
tests (see ‘Aims of the study’). These athletes will be required to complete an informed consent 
form within 48 hours of receiving the participant information sheet. 
The baseline tests are SCAT5, TMS and balance test. If you decide you want to participate in 
the study, you will need to attend the performance laboratories found in the Gannochy Sports 
Centre at the University of Stirling. 
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In addition, we ask that you bring shorts with you, so that we can perform the TMS 
measurements. 
 
Day 1 (Baseline or 1st assessment 48 hours following concussion) 
You will start by completing the Sport Concussion Assessment Tool. 
 
We will show you how to complete a set of maximal voluntary contractions (MVCs – maximal 
force you can produce) on an Isokinetic Dynamometer (Kin-Com).  
On this day you will also go through the TMS measurement for familiarization. First, we will 
shave and rough up the area of skin above the muscle of interest (Rectus Femoris, and Vastus 
lateralis – two of the four muscles of your thighs). Following placement of 2 electrodes on the 
shaved area of skin, a weak magnetic current will then be delivered to your brain via a handheld 
coil positioned above your scalp.  This current will cause the brain to send signals to the 
muscles on the thigh to contract. Then the two electrodes attached to your leg will record this 
signal, via a technique known as electromyography.   
 
On the same day, we will test your balance using a force platform (very similar to a Wii Board) 
and foot sensors (Pedar-X insoles), which will measure how much your centre of pressure 
changes in response to four different conditions. These conditions are: (i) Standing on two legs 
and eyes open, (ii) Standing on two legs and eyes closed; (iii) Standing on one leg and eyes 
open and (iv) Standing on one leg and eyes closed. 
 
Day 2 (Reliability and Repeatability measurements) 
Repeat of Day 1, please refer to Day 1 to see what will be done during this session. 
 
TMS 
TMS is very safe but you should be aware of hypothetical risks associated with using this 
method, mainly if you are currently taking certain types of medication.  
For this reason, you will be asked to fill out some questionnaires, which will help us understand 
whether it is safe for you to go through the procedure. There are also certain  
conditions that are considered as high risk factors. Key conditions are listed below: 
 If you have neurological conditions 
 If you have suffered from epilepsy, seizures, fainting spells in the past (or if a member 
of family does) 
 If you have any electrical devices fitted to your body (such as pacemakers, cochlear 
implant, medication pump, surgical clips, neurostimulator) 
 If you have any metal implants in his/her brain 
 If you have undergone any type of neurosurgery procedure (including eye surgery) 
 
A minor side effect linked with the use of TMS is the possibility of a temporary change in 
hearing due to the noise produced when the TMS sends a magnetic signal, although it should 
go away within a few hours. We will also give you earplugs to protect your ears during the 
procedure. 
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Lastly, because of the need to shave and rough up the skin to ensure a good signal from the 
electrodes, there may be some mild-to-moderate irritation and, in very rare cases, it could result 
in an infection. 
 
What are the possible benefits of taking part? 
 
In the long term, the information we get can help to improve the current Scottish Sport 
Concussion Guidelines by providing objective evidence for more objective, therefore more 
accurate return to play timescale.   
 
What if there is a problem? 
 
If you are concerned about any aspect of this study, you can speak to myself on the contact 
details provided below, and I will endeavor to answer your questions. If I am unable to answer 
your concerns and you wish to complain formally, you can do this by contacting the Dean of 
the Faculty of Health Sciences and Sport Professor Jayne Donaldson on 
jayne.donaldson@stir.ac.uk. 
 
Is there any Involvement of the General Practitioner/Family Doctor (GP)? 
 
Your GP will not be informed of your participation of the study, however if questionable results 
are found that may be detrimental to your health, you will be informed and it will be 
recommended that you make an appointment to discuss such issues with your GP.  
 
Will my taking part in the study be kept confidential? 
 
All the data recorded will be stored on computers and paper files in accordance with the Data 
Protection Act, 1998. All your personal information will be compiled under a code known only 
to myself and members of the research team to ensure anonymity. 
 
Should you have any concerns, or wish to speak to someone independent of the study, 
please contact Professor Jayne Donaldson, Dean of faculty, faculty of health sciences and 
sports at: jayne.donaldson@stir.ac.uk 
 
If you have any further queries regarding this project do not hesitate to contact either me or the 
post-graduates: 
Dr Angus Hunter,   Mr Zacharias Nikolaou 
Room 3A77,    Email: zacharias.nicolaou1@stir.ac.uk 
University of Stirling,   Mobile: 07842220614 
Stirling,  Facebook: Zacharias Nicolaou 
FK82AW 
Office: 01786 466497 Ms Kathryn Schulze 
Mobile:  07736071314 Email: kathryn.schulze1@stir.ac.uk 
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FOR 19 YEAR OLDS AND ABOVE: 
CONSENT BY PATIENT/VOLUNTEER TO PARTICIPATE IN: 
A study comparing the test currently used to assess concussion (SCAT 5) with three objective 
measures (Transcranial magnetic stimulation, postural stability, and blood samples).  
          
Name of Patient/Volunteer: …............................................................................................. 
Contact info (Email: …………………………………………………………………………  
      & Telephone Number): ………………………………………………………. 
  
Name of Study: RECOVERY OF NEUROPSYCHOLOGICAL, NEUROMUSCULAR 
AND MOTOR FUNCTION DEFICITS FOLLOWING SPORTS-RELATED 
CONCUSSION. 
 
Principal Investigator: ......................................................................................................... 
 
I have read the participant information sheet on the above study and have had the 
opportunity to discuss the details with either Dr. Angus Hunter, or Mr Zacharias 
Nikolaou, or Ms Kathryn Schulze, and ask questions.  The principal investigator has 
explained to me the nature and purpose of the tests to be undertaken.  I understand 
fully what is suggested to be done. 
 
I have agreed to take part in the study as it has been outlined to me, but I understand 
that I am completely free to withdraw from the study or any part of the study at any 
time I wish. I understand and agree that my participation in the study is entirely at my 
own risk. 
 
I understand that these trials are part of a research project designed to promote 
medical or scientific knowledge, which has been approved by the NHS, Invasive or 
Clinical Research (NICR) committee, and may be of no benefit to me personally.  The 
Sports Studies Ethics Committee may wish to inspect the data collected at any time as 
part of its monitoring activities. 
 
I also understand that is my responsibility to inform my General Practitioner that I 
have taken part in this study if any unusual or surprising observations are made. 
 
I hereby fully and freely consent to participate in the study, which has been fully 
explained to me. 
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(Please only print this consent form and once both of you have signed it please return it to 
room 3A72 to Zacharias Nikolaou or Kathryn Schulze). 
 
Signature of Patient/Volunteer: ...................................................................................  
   Date: ...................................................................................................... 
 
I (Investigator) confirm that I have explained to the patient/volunteer named above, the 
nature and purpose of the tests to be undertaken. 
 
Signature of Investigator: .................................................................................................... 
 Date: ...................................................................................................... 
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Appendix D 
Table 1. Overall percentage (%) of attempts when considered the best trial for a participant, 
out of the 3 attempts. Percentage shown for all 4 stances for both visit 1 and visit 2. 
 Visit 1 Visit 2 
Best 
Attempt 
Stance 
1 
Stance 
2 
Stance 
3 
Stance 
4 
Stance 
1 
Stance 
2 
Stance 
3 
Stance 
4 
Attempt 1 35.3% 53.0% 41.2% 76.5% 29.4% 53% 17.6% 17.6% 
Attempt 2 29.4% 23.5% 35.3% 5.9% 17.6% 29.4% 35.3% 29.4% 
Attempt 3 35.3% 23.5% 23.5% 17.6% 53.0% 17.6% 47.1% 53.0% 
 
